Half-wave plate (HWP) is one of the key polarization controlling devices in optical systems. The conventional HWPs based on birefringent crystals are inherently bulky and difficult to be monolithically integrated with other optical components. In this work, metasurfacebased HWPs with high compactness are demonstrated on a 12-inch silicon complementary metal-oxide-semiconductor platform. Three-dimensional finite difference time domain simulation is used to design the nanostructure and investigate the impact of fabrication process variation on the device performance. In addition, the cross-and co-polarization transmittance (T cross and T co ) of the HWPs located at different wafer locations are characterized experimentally. The peak T cross and valley T co values of 0.69 ± 0.053 and 0.032 ± 0.005 are realized at the wavelength around 1.7 μm, respectively. This corresponds to a polarization conversion efficiency of 95.6% ± 0.8%.
Introduction
Waveplates, as one of the most commonly used optical components, have wide applications in optical systems for polarization control. In conventional optics, the control of polarization is achieved by using the birefringence of the material through a propagation distance. As a result, these components require a material with enough thickness to accumulate the phase difference in different polarizations. Another type of commonly used waveplate uses liquid crystal for polarization control [1] [2] [3] , which normally shows a smaller form factor as compared with the bulk optics. With the advances of nanotechnology, the nanostructure pattern resolution is able to achieve a sub-wavelength scale in the optical wavelength regime. This enables the fabrication of flat optics devices, which consists of metaelements with sub-wavelength dimensions and gaps. The meta-elements are able to change the phase of the electromagnetic wave abruptly, compared with the conventional way of the gradual phase change [4] . Hence, the advantage of the metasurface-based device is its compactness contributed by the thickness of the metasurface layer, compared with the bulky optical components in conventional optics. When compared with a liquid crystal-based waveplate, the metasurface-based device generally features orders of magnitude better pixel density for transverse patterning [5] .
The metasurface-based half-wave plates (HWPs) have been demonstrated by using a patterned metallic structure to achieve the designed phase shift and hence the polarization control [6, 7] . However, the plasmonic-based metasurface has a drawback of metallic loss, which limits the optical efficiency. The dielectric counterparts have proven to be effective contributed by the low optical loss and compatibility of the state-of-the-art semiconductor fabrication technology. Dielectric-based HWPs have also been demonstrated in reflection and transmission modes [5, [8] [9] [10] . Both metallic and dielectric metasurface-based HWPs are patterned by using electron beam lithography, which requires long writing time and hence not suitable for mass production.
In comparison, deep ultraviolet (DUV) photolithography is able to pattern the nanostructure by a single or a few exposures, which is proven to be an effective method to mass produce photonic devices on a wafer scale for various applications [11] [12] [13] [14] [15] . Using the same patterning technology, metalens, metasurface-based filters, and deflector arrays have been recently demonstrated [16] [17] [18] [19] [20] [21] [22] , while the waveplate components remain to be unexplored. Moreover, the impact of fabrication process variation on the device performance has not been investigated yet, although it is imperative for the mass production of flat optic components.
In this work, metasurface-based HWPs are demonstrated by using DUV photolithography technology on a 12-inch silicon (Si) wafer. The fabrication steps are compatible to the complementary metal-oxide-semiconductor (CMOS) process, enabling the possibility of being monolithically integrated with other optical components. Threedimensional finite difference time domain (3D FDTD) simulation is used to design the metastructure and investigate the impact of process variation on the device performance. After that, the optical performances of the HWPs at different wafer locations are characterized and analyzed.
Device design
The 3D schematic of the Si metasurface-based HWP is shown in Figure 1A . The HWP comprises an array of identical Si nano-pillars, which are arranged in a square lattice with a pitch (P) of 1000 nm. Each pillar has a rectangle cross-section in the XY-plane. The inset is a zoomed-in view of a Si pillar, which has one long-axis (u) and one short-axis (v). The length (along u-axis), width (along v-axis), and height of the pillar are denoted as L, W, and H, respectively. It should be noted that the pillar can be considered as a waveguide for the light passing through it [23] . Since the angle between the u-axis and X-axis is 45°, a linear-polarized light along the X-axis is equal to two incident light components polarized at the u-and vaxes with 2 / 2 of its amplitude. Additionally, it should be highlighted that the effective refractive indices along the u-and v-axes are different since L ≠ W. This leads to the birefringence property of the metasurface. Therefore, an X-polarized incident light could be rotated to become a Y-polarized light once the phase retardation between the u-and v-polarized components equals the half wave (π). A metasurface-based HWP is thus realized.
The performance of the metasurface-based HWP is studied in detail by commercial simulation software (FDTD Solutions, Lumerical Inc., Vancouver, British Columbia, Canada, https://www.lumerical.com/products/fdtd/). Figure 1B illustrates the top view of the Si nano-pillar unit cell. Four periodic boundaries (PB) at the X-and Y-axes and two perfectly matched layer absorbing boundaries at the Z-axis are employed. For the simulations in this work, the length of the unit cell is fixed at is 90° (not shown in this figure) unless otherwise mentioned. A plane-wave light source with the E-field polarized along the X-axis is incident toward the positive Z direction from the substrate. Therefore, the co-and crosspolarized light indicate the transmitted light that polarized along the X-and Y-axes, respectively.
The simulated transmittance spectra of an HWP with L = 400 nm, W = 200 nm, and H = 1700 nm at the wavelengths (λ) ranging from 1.2 to 2.4 μm are plotted in Figure 1C . The total transmittance (T total ) equals the sum of the co-polarized (T co ) and the cross-polarized (T cross ) transmittances. It can be observed that T co has minimum values (close to 0) at the wavelengths near 1.35 and 1.7 μm, at which T cross has peak values of around 0.6. This indicates that the nano-pillars with the as-designed geometric parameters provide π phase retardation at two wavelength ranges. One possible problem of using a relatively large pillar height of 1700 nm is that it might make the etching process more challenging. However, this should not be a concern for the flat optics fabrication platform in the Institute of Microelectronics (IME), A*STAR, as a dedicated dry etching process has been developed for the formation of Si nano-pillars with a height of up to a few microns and an aspect ratio (width over height) of less than 1:10.
The normalized electric field distributions for crossand co-polarized transmitted light at λ = 1.7 μm are plotted in Figure 1D and E, respectively. It can be clearly seen that the electric field amplitude along the Y-axis (E y ) is very strong for the transmitted light, whereas that along the X-axis (E x ) becomes negligible after passing through the metasurface. One sees from Figure 1C that T total is not 1 in the wavelength range, indicating the loss of the incident light when transmitting through the metasurface. This should be mainly due to light reflection as presented in Figure 1F , which shows that T total nearly equals 1 minus the total reflected light power (R total ). In addition, it is worth to point out that the reflected light is not necessarily copolarized. As shown in Figure 1G , a minor part of the light reflected from the metasurface can also be cross-polarized.
It is well known that fabrication process variations could not be avoided in the CMOS fabrication line. Therefore, it is imperative to study the impact of process variations on device performances for mass production. Next, the impact of variation in L, W, and H of Si pillars on the performance of the HWP is investigated by FDTD simulation using the same model as above. Figure 2A and B show the T cross and T co spectra of the HWP, respectively, with L varying from 380 to 420 nm. The black dashed arrow indicates the direction of increasing L with a step of 10 nm. W and H of the pillar are fixed at 200 and 1700 nm, respectively. It can be observed that increasing L leads to red-shift of both T cross and T co spectra. In addition, the shift of the longer valley wavelength (λ long ) is larger than that of the shorter valley wavelength (λ short ), as shown in Figure 2B . The shift of both λ long and λ short as a function of L is plotted in Figure 2C . A linear regression fitting of the points with a least-squares method yields the λ-shift rates (Δλ/ΔL) of 2.3 and 0.5 nm/nm for λ long and λ short , respectively.
Similarly, the impacts of changing W on the T cross and T co spectra of the HWP are simulated and plotted in Figure 2D -F. W increases from 180 to 220 nm with a step of 10 nm, whereas L and H are fixed at 400 and 1700 nm, respectively. It can be observed in Figure 2E that increasing W leads to a more significant impact on λ short rather than λ long . The linear fitting of the data points in Figure 2F shows a λ-shift rate (Δλ/ΔW) of 2.1 nm/nm for λ long , whereas that for λ short is 5.4 nm/nm. Finally, the increase of H also leads to the red-shift of T cross and T co , as shown in Figure  2G and H, respectively. Different from changing W or L, the increase of H yields a similar λ-shift rate (Δλ/ΔH) of ~0.15 nm/nm for both T cross and T co , as shown in Figure 2I .
Results and discussion
The HWPs were fabricated on a 12-inch Si (100) wafer using the multiple-projects-wafer process for flat-optics in IME, A*STAR. The designed metasurface was patterned by a 193-nm DUV immersion scanner and subsequently etched by an inductively coupled plasma etcher. The remaining organic mask was eventually stripped in O 2 plasma. A photograph of the fabricated 12-inch Si metasurface wafer is shown in Figure 3A . The size of the HWP in each die is 3.6 mm × 3.6 mm. In conventional optics, the waveplates have typical diameters of 1 to 2 inches. It should be noted that the relatively small size of the device in this work is for proof-of-concept demonstration purpose. In fact, HWPs with much larger size can be realized using the DUV lithography process. The HWPs with diameters of less than 1 inch can be directly patterned within a single die as the die size of the immersion lithography tool is 26 mm × 33 mm. Besides, the devices with diameters larger than 1 inch can also be realized by the field-stitching patterning technology [24] . The white dashed squares highlight nine of the selected dies at different wafer locations for optical characterizations, which will be discussed later. Figure 3B shows the tilted-view scanning electron microscopy (SEM) image of the HWP at the central die D(0,0). The zoomed-in view of a single Si pillar is shown in Figure 3C . The L, W, and H of the Si pillar are measured to be around 400, 217, and 1656 nm, respectively. Figure 3D shows the top-view SEM image of the array. It can be seen that the Si pillars are rotated 45° from the X-axis and the pitch between pillars is 1000 nm.
Optical characteristics of the metasurface-based HWPs were measured by a Fourier transform infrared (FTIR) spectrometer. As illustrated in Figure 3E , the measurement system is composed of an FTIR light source, two linear polarizers, and one photodetector working at short-wave infrared wavelengths. Unpolarized light comes from the FTIR light source. Polarizer 1 is fixed at X-polarization so that the transmitted light is linearly polarized along the X-axis of the HWP. Therefore, the cross-or co-polarization transmittances of the HWPs can be obtained by setting the linear polarizer 2 at Y-or X-polarizations, respectively. T cross and T co of the HWPs are then obtained by normalizing the as-measured transmittance spectra to those of a bare Si wafer. The T cross and T co spectra of the HWP at D(0,0) at the wavelengths ranging from 1.2 to 2.4 μm are plotted in Figure 4A and B, respectively. A T co minimum value of 0.032 is realized at λ = 1.726 μm based on experimental data. At the same wavelength, T cross shows a peak value of 0.621. The polarization conversion efficiency (E c ), defined as E c = T cross /(T cross + T co ), as a function of λ is plotted in Figure 4C . An efficiency of around 95% is achieved at the wavelength near 1.726 μm. It should be noted that E c in this work is referred to the transmitted light through the metasurface. The efficiency becomes around 62% if it is normalized to the total light power that is incident to the metasurface considering the loss from surface reflection. The black dashed lines in Figure 4A -C are the simulated spectra of the HWP using the pillar geometric parameters measured by SEM. A decent matching between the simulated and the experimental results can be observed. Besides T co , T cross , and E c , the phase retardation is another figure of merit for HWPs. There are various methods to measure the phase retardation of waveplates [5, 9, 25] . Additional efforts can be input to accurately measure the phase retardation of the as-fabricated HWPs, which can be the subject of future works. Additional optical characterizations on the HWPs located near the wafer edge were also performed, as presented in Figure 4D -F. The blue and red solid lines represent the measurement results for the HWPs at D(4,0) and D(−4,0), respectively. The minimum T co value of the HWP at D(4,0) is 0.023 at λ = 1.658 μm, and at D(−4,0) the value is 0.035 at λ = 1.646 μm. It can be found that the T cross and T co spectra are shifted as compared to that at D(0,0). This should be due to the variations in geometric parameters of the Si pillars located at the wafer edge. The SEM measurement shows that the L, W, and H values for the HWP at D(4,0) are 371, 202, 2000 nm, respectively, and those values become 369, 202, and 1939 nm for the HWP at D(−4,0). The dashed lines in Figure 4D and E are the simulated T cross and T co spectra based on the measured critical dimension (CD). It can be seen that the peak wavelengths of T cross and valley wavelengths of T co are both near 1.65 μm, which are close to the experimental results. Figure 4F shows the experimental and simulated E c of the HWPs at D(4,0) and D(−4,0). The peak E c value of 97.1% for the HWP at D(4,0) and 95.1% for that at D(−4,0) are experimentally demonstrated.
12-inch Si wafer
It should be noted that the peak T cross values of around 70% are lower than some of the previous demonstrations. For example, Kruk et al. [5] and Arbabi et al. [9] reported Si metasurface-based HWPs on glass/fused silica substrates with the transmission of around 90%. In these works, the implementation of glass/fused silica substrates reduces reflection loss of the HWP, resulting in a higher transmission. The T cross value of our device can be improved by using the glass wafer substrate. It is worth noting that the devices in [5, 9] are realized on small pieces of substrates. However, the large-scale fabrication of metasurfaces on 12-inch non-Si wafers, for example, glass, fused silica, and sapphire, using the advanced CMOS processing facilities is more complicated. As reported in [20] [21] [22] , metasurfaces can be formed on 12-inch glass wafers by a layer-transfer method, in which the metasurfaces are fabricated on standard Si wafers, followed by a special wafer bonding process to transfer them onto the glass wafers. A more intuitive way is to directly fabricate nanostructures on 12-inch non-Si wafers using CMOS infrastructures. Although progress has been made on realizing metasurfaces on small size wafers [18] , the direct processing of 12-inch non-Si wafers using advanced CMOS facilities is much more challenging. For example, specific requirements of the stress, transparency, thermal conductivity, electrostatic chucking/de-chucking capabilities of the wafers have to be considered during the large-scale fabrication process. Therefore, although there is degradation in transmission, the direct fabrication of metasurfaces on 12-inch Si substrates significantly reduces the process time, cost, and complexity as compared with that on non-Si wafers.
Further investigation on the device performance uniformity across the fabricated wafer is performed by characterizing T cross and T co of the HWPs at the nine selected dies (0, 0), (±1, 0), (±2, 0), (±3, 0), and (±4, 0), as plotted in Figure 5A and B. The peak values of the T cross spectra Cross-pol.
Co-pol. range from 0.627 to 0.768, with an average of 0.69 and a standard deviation of 0.053, as shown in Figure 5C . In addition, it can be seen from Figure 5D that the valley values of the T co spectra are distributed with a mean of 0.032 ± 0.005. The E c of the HWPs are also calculated to be 95.6% ± 0.8%. Meanwhile, the wavelength shift of the HWPs across the wafer is studied by analyzing the T co valley values of the devices at different dies, as presented in Figure 5E . The mean and standard deviation of the wavelength valley values are 1.72 and 0.04 μm, respectively. The performance non-uniformity of the HWPs should be mainly contributed by the variation in geometric parameters of the nanostructures, that is, L, W, and H variations of the Si pillars. Generally, the CD variations are mostly from the lithography and etching process. It is worth to mention that the 193-nm DUV immersion scanner has a relatively small CD variation range, defined as the difference between the maximum and the minimum CD for the same metasurface design, over the entire 12-inch wafer. This can be seen from [13] , where a wafer-level CD variation range of around 2 to 4 nm was reported. Thus, most of the CD bias of the fabricated wafer should be originated from the etching process. The impacts of etching bias on the geometric parameters of the Si pillar are twofolds: (i) the CD bias of L and W should be attributed to the non-uniform lateral etching across the wafer. This can be improved by further optimizing the etching recipes, for example, increasing the pillar sidewall passivation during the plasma etching process; (ii) the etching depth (H) bias between different HWPs should be caused by the non-uniformity in etching rates at different wafer locations. One possible way to solve this problem is to implement an etch stop layer, for example, SiO 2 , beneath the metasurface. Further work includes the enhancement of the wafer-level CD uniformity of flat optics devices.
Conclusion
In summary, the metasurface-based HWPs are demonstrated on a 12-inch CMOS platform, featuring ultrathin device thickness and the possibility of being monolithically integrated with other optical components. The 3D FDTD simulation results indicate that the variation in L, W, and H of the Si pillar leads to wavelength shift of the HWP transmittance spectra. In addition, T cross , T co , and E c of the HWPs at different wafer locations are experimentally measured to be 0.69 ± 0.053, 0.032 ± 0.005, and 95.6 ± 0.8%, respectively, at the wavelength of around 1.7 μm. The wafer-level uniformity of device performance can be further enhanced by improving the process conditions. This work paves the way for mass production of flat optics using the mature CMOS fabrication facilities.
